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Abstract 
Fiber reinforced polymers (FRPs) have found increasingly wide applications in structural engineering due to their 
high strength-to-weight ratio and high corrosion resistance. One important application of FRP-composites is as a 
confining material for concrete. In the investigation, new approach based on an intelligent predicting system 
(artificial neural network) is developed using experimental data in order to simulate the behavior of FRP-retrofitted 
reinforced concrete members. With known combinations of input and output data, the neural network can be trained 
to extract the underlying characteristics and relationships from the data. Then, when a separate set of input data is fed 
to the trained network, it will produce an approximate but reasonable output. Neural networks are highly nonlinear 
and can capture complex interactions among input and output variables in a system without any prior knowledge 
about the nature of these interactions. A large number of tests have been reported in the literature on the axial 
compressive strength of concrete members confined by FRP. Having parameters used as input nodes in ANN 
modeling such as dimensions of member, material properties of FRP and material properties of concrete, the target 
node was confined compressive strength for structural member. In hidden layers of the networks, Log-sigmoid, Tan-
sigmoid and pure-linear transfer functions were utilized. After constructing networks with constant input neurons but 
with different number of hidden-layer neurons, the best network by considering the mean squared error, regression 
value and overall performance of the system was selected. Then the results simulated by idealized neural network 
were compared with experimental data which showed a good and reasonable agreement. 
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1. INTRODUCTION
Fiber-reinforced polymer composites have found increasingly wide applications in structural 
engineering due to their high strength-to-weight ratio, high corrosion resistance and ease of installation. 
One important application of FRP composites is as a confining material for concrete, particularly in the 
strengthening or seismic retrofit of existing reinforced concrete members by the provision of an FRP 
jacket. Confining the concrete would increase its axial compressive strength which is a basis for 
strengthening of RC columns using FRPs. In recent years, many studies have been performed on the 
compressive behavior of FRP-confined concrete, leading to various stress–strain models. These models 
fall into two categories including design-oriented models presented in closed-form expressions and 
analysis-oriented models which predict stress–strain curves by an incremental procedure (Teng et al. 
2007). External confinement of concrete using FRPs has become a common method of column 
retrofitting, especially for circular columns and many recent studies have been conducted on the 
compressive strength and stress-strain behaviour of FRP-confined concrete (Karbhari and Gao 1997; 
Mirmiran et al. 1998; Miyauchi et al. 1999; Saafi et al. 1999; Rochette and Labossiere 2000; Xiao and 
Wu 2000). It was proved by the mentioned studies that FRP-confined concrete behaves differently from 
steel-confined concrete and so various models for predicting the compressive strength of FRP-confined 
concrete have been developed. In the present study, using a database containing a large number of 
experimental tests (which is collected from reliable references), an innovative approach for predicting the 
compressive strength of FRP-confined concrete is proposed by applying an intelligent system (artificial 
neural networks).  
2. AVAILABLE EMPIRICAL MODELS 
The main formula which majority of available empirical models are based on can be found in Equation 
1. 
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where ccf c and cof c = the compressive strengths of the confined and the unconfined concrete, 
respectively, lf = the lateral confining pressure dftf FRPl /.2 , and a  is the confinement 
effectiveness coefficient. Also FRPf = the tensile strength of the FRP in the hoop direction, t is the total 
thickness of the FRP and d is the diameter of the confined concrete. Table 1 presents some important 
existing empirical models to predict the compressive strength of FRP-confined concrete. 
3. NEURAL NETWORKS 
A large number of tests have been used on the axial compressive strength of circular concrete 
specimens confined by FRP. The majority of these tests were performed on concrete specimens without 
steel reinforcement (Fardis and Khalili 1981; Harmon and Slattery 1992; Karbhari et al. 1993; Demers 
and Neale 1994; Howie and Karbhari 1994; Harmon et al. 1995; Nanni and Bradford 1995; Picher et al. 
1996; Soudki and Green 1996; Karbhari and Gao 1997; Miyauchi et al. 1997, 1999; Watanabe et al. 1997, 
Harries et al. 1998 ;Mirmiran et al. 1998; Toutanji and Balaguru 1998; Matthys et al. 1999; Purba and 
Mufti 1999; Saafi et al. 1999; Tegola and Manni 1999; Toutanji 1999; Kshirsagar et al. 2000; Liu et al. 
2000 ;Rochette and Labossiere 2000; Shahawy et al. 2000). A database containing over 200 test results 
was built from an extensive survey of existing studies. 
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More than 200 test results are available for the assessment of strength models. These data are all for 
fully confined plain concrete circular specimens with unconfined concrete strengths not greater than 65 
MPa, which were obtained from control specimens of the same dimensions. The parameters used as the 
input nodes in the ANN modeling were diameter of the circular column in mm, height of the circular 
column in mm, the total thickness of CFRP (t) in mm, the tensile strength of the FRP in the hoop 
direction in MPa, the compressive strength of the unconfined concrete in MPa, the elastic modulus of 
FRP in MPa. 
Table 1: Existing Empirical Models for FRP-Confined Concrete 
Author Equation Order of Equation Year 
Matthys et al.   85.03.21 clccc ffff c cc Nonlinear 2005 
Sidney et al.   828.02.21 clccc ffff c cc Nonlinear 2005 
Lam and Teng  clccc ffff c cc 21 Linear 2002 
Saafi et al.   84.02.21 clccc ffff c cc Nonlinear 1999 
Monti   5.032.0 clccc ffff c cc Second order 1999 
Samaan et al.  clccc ffff c cc 7.061 Nonlinear 1998 
Karbhari and Ghao   87.01.21 clccc ffff c cc Nonlinear 1997 
Mander et al.     5.094.7125.2225.1 clclccc ffffff cc cc Second order 1988 
Fardis and Khalili  clccc ffff c cc 05.21 Linear 1981 
Having the six input nodes as described above, the target node was the compressive strength of the 
confined concrete ( ccf c ). One hidden layer was used in this ANN modeling, where the transfer functions 
were log-sigmoid. The number of hidden nodes was set to start the training of the ANN networks. It was 
suggested by Berke and Hajela (1991) that the number of hidden nodes should be the average and the sum 
of the nodes on the input and output layers. In addition, Rogers and Ramarsh (1992) suggested that the 
good initial guess for hidden nodes was to take the sum of nodes on the input and output layers. Lastly, 
Soemardi (1996) suggested that it should be 75% of the input nodes. Through the previously mentioned 
suggestions, the number of hidden nodes in this paper was set from 4 to 11 hidden nodes. Knowing the 
ranges of the number of hidden nodes and the total number of data to be 213 specimens, the three sets of 
the total data described earlier were subdivided into two parts, namely training data and testing data. The 
number of training data was necessary to produce desirable results. Carpenter and Hoffman (1995) 
suggested that it should be 20-50% over-determined. In the ANN modelling the following assumptions 
were made: Training Data=60% of Whole Data, Validating Data=20% of Whole Data, Testing Data=20% 
of Whole Data. Mean Squared Error is the average squared difference between outputs and targets. Lower 
values are better. Zero means no error. Regression R Values measure the correlation between outputs and 
targets. 
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Figure 1: Performance, training state and regressions of the network NN 6-11-1 
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Figure 2: Correlation Coefficient of Different Networks 
Figure 3: Maximum Squared Error versus Number of Hidden-Layer Neurons 
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Figure 4: Simulated values of ccf c against experimental data 
The network architecture used in this study was called NN 9-n-1, where the 1st digit is the number of 
input nodes, n is the number of hidden nodes from 4 to 11, and 3rd digit is the number of output node. The 
criterion for stopping the training of the networks was Mean Square Error (MSE) being 0.001 for 
normalized data. The results for training of one of the networks are summarized in Figure 1. Additional 
results of training and testing were seen in Figures 2 and 3. The relationship of error metrics were related 
to the coefficient of regression in Figure 2. If the relative accuracy were made for the two measurements, 
MSE and R, the ranking would be the same. For simplicity, coefficient of regression was used as the basis 
for eliminating networks with undesirable results in testing. Also, another important factor was 
considered in the pre-elimination of networks. This can be seen in Figure 3 where the maximum absolute 
error in testing for each network was noted. 
After the pre-acceptance of desirable networks, the remaining networks were: CC 6-5-1, CC 6-9-1 and 
CC 6-11-1. From the previous Chapters, artificial neural network surpassed models whether separately or 
dependently from different types of materials as confinement. In order to arrive at a single ideal model, 
NN 6-11-1 was chosen from the previous sections since it was good in predicting. The results of idealized 
network are compared against experimental data and shows good agreement due to low degree of 
scattering (Figure 4). So it could be claimed that the idealized network has simulated the behaviour of 
FRP-confined concrete with good precision. 
4. CONCLUSIONS 
In this investigation, a large number of data for FRP-confined structural concrete members were used 
in order to predict the behaviour of the confined concrete using an intelligent system applying artificial 
neural networks. Input parameters such as the dimensions of the member, material properties of FRP and 
compressive strength of the unconfined concrete were used parallel with target nodes which were the 
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compressive strengths of the FRP-confined concrete. Considering three criteria as the performance of 
networks, their MSE and R, the NN 6-11-1 network was selected for further analyses. This tool became 
effective through training, testing, and validating from existing models in predicting confined ultimate 
compressive strength. The predicted behaviour of the FRP-confined member revealed good agreement 
with the results of experimental programs which indicated that the neural network is a strong and reliable 
tool as an alternative for expensive and time-consuming experimental programs. 
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